MINDO/3 SCF-MO calculations with full geometry optimization were performed to determine the structure of the intramolecularly hydrogen bonded enol forms of 2-trifluoroacetylcycloalkanones. The presence of two stable exocyclic and endocyclic enol forms with a non-planar unsymmetric hydrogen bonded chelate ring is established. It is found that the intramolecular hydrogen bond is weaker in the exocyclic enol of 2-trifluoroacetylcyclopentanone, which showed greater deviation from planarity by ~23.8°. The geometrical features predicted by the MINDO/3 method and the calculated charge distribution are discussed and found to agree with the available experimental data on these systems. The merits and limitations of the MINDO/3 method are discussed.
Introduction
Although numerous experimental investigations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and molecular orbit calculations [15] [16] [17] [18] [19] [20] [21] [22] of varying sophistication have been reported on the structure of the intramolecularly hydrogen bonded eis enol form of acetylacetone and related molecules, they disagree on the nature of the potential energy function and the symmetry of the intramolecular hydrogen bond. Gas phase electron diffraction measurements on acetylacetone [2] , trifluoroacetylacetone [3] , and hexafluoroacetylacetone [4] gave short O ... O nonbonded distances (2.38-2.55 Ä), which has been taken as evidence for a symmetric enol form with linear hydrogen bond whereas x-ray diffraction studies on benzoylacetone [5] and dibenzoylmethane [6] suggest an asymmetric enol form with non-linear hydrogen bond. Egan and coworkers [10] have carried out 13C and 2H spin-relaxation time and deuterium quadru pole coupling constant measurements and concluded that the intramolecular hydrogen bond in acetyl acetone is asymmetrical and that the potential energy function is of double minimum type. A similar conclu sion has been drawn by Robinson and coworkers [11, 12] on the basis of UV, IR, and NMR spectra and by Tayyari et al. [13] based on IR and Raman spectro scopic studies.
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The observation of two O(l) ionisation bands differing by ca. 1.5 eV in the x-ray photoelectron spectra of /?-diketones [14] provided further evidence for the asymmetry of the hydrogen bridge in the enol form of /?-diketones.
We have demonstrated recently [23, 24] that 2-trifluoroacetylcycloalkanones exist in solution as an equilibrium mixture of the tautomeric exocyclic and endocyclic enol forms (see Fig. 1 ) which interconvert very rapidly by intramolecular chelate proton transfer [24] , The two possible enol forms are distinguishable 0 0 Fig. 1 . The tautomeric forms of 2-trifluoroacetylcycloalkanones and the numbering system used to identify the bond lengths and angles.
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as individuals in the electronic and vibrational spectra [23] , whereas the NMR spectra [24] correspond to a weighted average of the two species as a consequence of the rapid interconversion in comparison with the NMR time scale.
Considering the aforementioned structural prob lems associated with the tautomeric forms of 2-trifluoroacetylcycloalkanones, we have undertaken a MINDO/3 [25, 26] study in order to provide an understanding of the electronic and molecular struc tures of the enol forms in these systems.
Although, no theoretical method can be relied on a priori, the performance of the MINDO/3 method can be assessed from the very extensive tests that have been published [25] [26] [27] [28] . Apart from documented deficiencies [29, 30] , the MINDO/3 method provides satisfactory heats of formation and dipole moments [25] [26] [27] , Dewar [26, 27] has stated that the MINDO/3 values of the dipole moments are about as good as those obtained by minimum basis set ab-initio SCF calculations.
Early reports [31, 32] of the inadequacy of the MINDO/3 method to deal with hydrogen bonded systems were mainly concerned with strong inter molecular interactions between polar molecules. Such interactions are also known to be inadequately de scribed by other semi-empirical methods such as MNDO [33] and SINDO/1 [34] , The applicability of the MINDO/3 method for the less polar interactions has recently been demonstrated for intermolecular hydrogen bonding between pairs of amino acids [35] and for intramolecular hydrogen bonding in relation to intramolecular proton transfer in diotropic reactions [36] .
Calculations
All calculations were carried out on a NEC ACOS-6 Computer of the University of Basrah Computer Centre using a modified version of the MINDO/3 program [25, 26] with standard parameters.
Results and Discussion
MINDO/3 calculations have been performed on the intramolecularly hydrogen bonded enol forms of 2-trifluoroacetalcyclopentanone (compound 1) and 2-trifluoroacetylcyclohexanone (compound 2), whose structures are depicted in Figure 1 . For each molecule, three series of calculations, corresponding to three initial enol structures, were carried out. In the first, related to the exocyclic enol (Ex enol), the internally bound hydrogen H 6 was initially assumed to be bonded to the trifluoroacetyl oxygen 05, whereas the second was related to the endocyclic enol (En enol), where H 6 was initially bonded to the ring carbonyl oxygen Ol. Finally, the third series of calculation was performed for a symmetrical enol form. These initial geometries were then subjected to a full geometry op timization for all (3 N-6) independent bond lengths, angles and dihedral angles with no geometrical con straints.
Geometries and Enthalpies of Formation
Geometry optimization was carried out by the Davidson-Fletcher-Powell method for the three initial enol structures. The final optimized geometries and enthalpies of formation are listed in Table 1 . The pres ent MINDO/3 calculations clearly establish the pres ence of two stable enol forms for compounds 1 and 2. In 1, the exocyclic enol is predicted to be more stable than the endocyclic enol, whereas for 2, the two forms show comparable stabilities. It is of interest to note that the third series of calculation gave no indication of a stable symmetric enol structure for either mole cule, and in each case the calculations converged to one of the two stable enols.
The MINDO/3 results for the energy of inter conversion between the endocyclic and exocyclic enol forms (0.59 kcal/mol for 1 and 0.16kcal/mol for 2) compare very well with the experimental values of 0.52-0.2 kcal/mol reported by Koltsou [37] for other /?-diketones and are in keeping with the observed rapid interconversion between the two forms [24] ,
The final optimized geometries listed in Table 1 for compounds 1 and 2 clearly show that MINDO/3 predicts a non-planar unsymmetric six-membered intramolecularly hydrogen bonded chelate ring with a non-linear OHO bridge (the 0 1 -H 6 -0 5 angle is ~ 118°; see Table 1 ). The exocyclic enol form of com pound 1 shows the highest deviation from planarity (by -23.8°). This is probably due to a higher ring strain in the five-membered ring system. In contrast to acetylacetone and other acyclic /?-diketones, where the chelate ring is considered to be planar [16] , it does not necessarily follow that the planar structure is the most stable in strained cyclic /7-diketones with bulky CF3 substituents. Destabilizing non-bonded inter actions between the proximal H atoms of the ring methylene groups (CH2), together with the steric in fluence of the bulky CF3 group, could lead to a nonplanar chelate ring being the most stable. Fig. 1 for numbering system.
In going from the endocyclic enol (En enol) to the exocyclic enol (Ex enol) the following interesting features are noteworthy. Firstly, the non-bonded Ol ... 05 distance decreases, resulting in a decrease in the intramolecular hydrogen bond ( H 6 ...0 ) dis tance. Secondly, the C -C bond of the chelate ring (i.e. C 4-C 3 in En and C 3 -C 2 in Ex) increases, while the C = C bond (i.e. C 3-C 2 in En and C 4 -C 3 in Ex) decreases. This is in accord with the loss of 7r-electron delocalisation in the exocyclic enol form as evidenced by the greater deviation from planarity in comparison with the endocyclic enol form (see Table 1 ).
The ring size effects on the strength of intramolec ular hydrogen bond is also evident in the present MINDO/3 calculations. The non-bonded Ol . . . 0 5 and H 6 ... O distances are longer in compound 1 in dicating a relatively weaker hydrogen bond in the strained five-membered ring system.
The aforementioned geometrical features predicted by the MINDO/3 method correlate with several prop erties of the enols of compounds 1 and 2. The weaker hydrogen bond in 1 in comparison with 2 is consistent with the observed [24] higher acidity in 1 (compare pK3 values: compound 1, 6.75; compound 2, 7.18) and the observed [24] higher shielding of the enolic OH proton NMR signal (<5(OH): compound 1, 13.011 ppm; compound 2, 15.061 ppm). The loss of ^-electron derealization in the exocyclic enol form of 1 is in keeping with the observed electronic spectral data [23] , where the n -*■ 7t* transition is observed at 277 and 303 nm for 1 and 2, respectively.
The present MINDO/3 calculations gave a value of 1.35 Ä for the C -F bond length, in satisfactory agree ment with the observed value of 1.34 Ä reported [3, 4] for other fluorinated acyclic /?-diketones, but over estimate the C -H bond lengths, which is known to be a systematic error of the MINDO/3 method [30] .
Charge Distribution
The calculated net charge densities and dipole mo ments for the two possible enol forms of compounds 1 and 2 are shown in Table 2 . It is hoped that the relative changes in charge distribution can be corre lated with changes in geometry of the two interconverting enols and hence provide further insight into changes in bonding involved.
The MINDO/3 results ( Table 2) clearly show that the H atom in the hydrogen bridge is positively charged, while the oxygen atoms of both the O -H donor group and the C = 0 acceptor group are negatively charged, in agreement with the results on other hydrogen bonded systems [38] . However, the magnitude of these charges decreases as the Ol ... O 5 distance increases. Another interesting feature is the accumulation of large positive charge on the C7 atom of the CF3 group, which also seems to correlate inver sely with the Ol ... O 5 distance. These changes also correspond to an increase in the molecular dipole mo ment, which shows strong dependence on the struc ture of the enol. Thus, it seems reasonable to suggest that the two enol forms may differ in their susceptibili ties for polar interactions with the solvent due to dif ferences in their dipole moments and charge distribu tion.
